INTRODUCTION
The influence of early mobilization on the outcome of Achilles tendon healing has attracted increasing attention. New rehabilitation programs recently tested include early weight bearing (1, 2) and the use of orthoses, designed to permit certain ankle movement and some weight There is also probably a risk of complications, especially re-rupture, if loading is applied too early. The improved clinical results, however, are in line with previous studies of the effects of mechanical loading in animal models and on tendon cells in vitro. Cyclic loading regimes up-regulate both the gene-expression and production of collagen by tendon fibroblasts in vitro (5, 6). This increase in collagen expression can also be seen in intact animal tendons, subjected to increased loading (7, 8) . In fact there are many studies showing that intact tendons adapt to changes in mechanical loading (9) (10) (11) (12) (13) (14) , and numerous animal studies show that immobilization of a healing tendon is detrimental for the healing process (15) (16) (17) (18) (19) (20) .
To gain better understanding regarding the effect of mechanical loading on tendon healing, we have previously studied the effects of short daily loading episodes on otherwise unloaded healing Achilles tendons in rats (17) . The results showed that 15 minutes of daily mechanical loading, from the third day after tendon transection, was sufficient to increase callus thickness and strength of the healing tendons at 14 days. There was only a weak correlation between the duration of the loading episode (15, 30 or 60 minutes) and the effect on healing.
Moreover, an additional daily loading episode for 15 minutes, 8 hours after the first one, did not further improve healing. This indicated that the response to a loading episode lasted for several hours, and couldn't be much boosted by more of the same type of loading the same day. These results raised the question how many times a short loading episode has to be repeated to improve tendon healing in otherwise unloaded tendons. In another model for unloaded tendon healing in rats, mechanical loading had different effects on the gene expression pattern depending on the phase of tendon healing (21) . At three days of healing (during the inflammatory phase), gene expression of IL-1β, TNF-α and TGF-β was decreased in loaded tendon calluses compared to calluses unloaded by Botox injections. Also, procollagen I and III were less expressed in the loaded samples at that timepoint. However, at 14 days of healing (during the proliferative phase), procollagen I and several tendon specific genes were all more expressed in the loaded samples compared to the unloaded. These results suggested strong effects of loading also during the early inflammatory phase of healing, while it is often thought that loading mainly influences matrix formation and remodelling which occur later. The results raised the question if mechanical loading has different effects on tissue strength when applied during different phases of healing.
Having previously studied daily loading episodes for 11 days (days 3-13), we now investigated if even as little as 4 loading episodes could improve the outcome of healing. We also compared the effects of loading during the early, inflammatory phase of healing with loading during the somewhat later proliferative phase. We had two primary hypotheses. First, that 4 loading episodes are sufficient to stimulate healing. Second, that loading has less positive effect during the early inflammatory phase compared to a later proliferative phase of healing. We used tail suspended rats, to allow short and controlled episodes of loading of the otherwise load-protected Achilles tendon. Tail suspension reduces maximal tension forces in the Achilles tendon while maintaining full motion. Because no ground force is applied, the only resistance to plantar flexion is the moment produced by the weaker dorsal flexors, with their shorter lever arm. Even with maximal contraction of these muscles, the calf muscles will be able to balance this moment with minimal effort. The suspended rats were either completely unloaded, 24 hours a day, or allowed daily running periods of 30 min during a 4 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   5 days period. We then compared tendon mechanical properties 3 days after the final loading episode.
MATERIALS AND METHODS
The experiment was approved by the regional animal ethics committee for animal experiments and institutional guidelines for care and treatment of laboratory animals were adhered to.
Surgery: Fifty female Sprague-Dawley rats, 207 (SD 14) g, were used in this experiment, 40 rats for mechanical, and 10 for histological evaluation. All rats were habituated to a treadmill apparatus (12 m/min), before the experiment started. Since rats are active during the night, the 12 hour light and dark cycle was switched, so that handling of the animals was done during their active period. On the day of surgery, the rats were anesthetized with isoflurane gas (Forene, Abbot Scandinavia, Solna, Sweden) and given antibiotics (25 mg/kg, Oxytetracycline, Engemycin; Intervet, Boxmeer, Holland), and analgesics (0.045 mg/kg, Buprenorphine, Temgesic; Schering-Plough, Brussels, Belgium) preoperatively. The skin on the right hind limb was shaved and washed with chlorhexidine ethanol, and the surgery was performed under aseptic conditions. A transverse incision was made in the skin lateral to the right Achilles tendon and the Achilles-plantaris tendon complex was exposed. The Achilles tendon was transected transversely approximately 3 mm from the calcaneal bone, and a 3 mm segment was removed. Thereafter the tendon was left to heal unsutured. The plantaris tendon was completely removed to avoid interference during healing and mechanical testing.
Unloading:
The day after surgery, all 50 rats were subjected to hindlimb unloading by tail suspension. The tail suspension was carried out in special cages with an overhead system, allowing the rats to rotate and move in all directions. The rats were kept one per cage and had been acclimatized to the suspension cages before surgery. For suspension, an adhesive tape was attached to the rat's tail. The tape was connected to the overhead system by a fish-line 21 swivel and a fish line. The hind limbs were lifted just above the cage floor during the entire experiment and the rats moved around on their fore limbs, as described more in detail elsewhere (22) . The rats were housed in a room with temperature maintained at 24
• C and were given food and water ad libitium.
Experimental set-up: The study consisted of two parts, one with biomechanical and one with histological evaluation.
Biomechanical experiment: After unloading, 40 rats were randomized into four groups by lottery. Two groups were completely unloaded for 8 or 14 days (early and late control group) and two groups were subjected to exercise. The exercise groups were let down from the suspension to run on the treadmill for 30 minutes per day (9 m/min, slightly uphill) on day 2-5 (early exercise group) or on day 8-11 (late exercise group, fig 1) (17) . The animals were monitored during the entire exercise to ensure that loading was applied to the injured limb.
The animals in the two exercise groups were completely unloaded for 72 hours following the final exercise episode (day 5 or 11), before they were sacrificed together with the corresponding unloaded control animals on day 8 or 14.
Histological experiment: The histological experiment was performed to evaluate if early weight bearing during the inflammatory phase caused bleeding or other signs of injury due to the loading applied on the immature callus tissue. Ten rats were included in the histological experiment. After unloading, the rats were randomized into two groups, one group was completely unloaded for 5 days and one group was subjected to exercise by letting the rats down from the suspension to run on the treadmill for 30 minutes per day (9 m/min, slightly uphill) on day 2-5. The amount of loading corresponded to the loading applied in the early exercise group in the biomechanical experiment. The animals in the exercise group were euthanized one hour after finishing the final loading episode together with the corresponding unloaded control group. were visualized by transillumination of the entire callus, and the distance between them was measured and referred to as the gap distance. For mechanical testing, the muscles were carefully scraped of the tendon fibers and fine sand paper was used to fix the fibers in a metal clamp. The distance between the metal clamp and the calcaneal bone was used as an approximation of the tendon length. The calcaneal bone was fixated in a custom-made clamp in 30
• dorsiflexion relative to the direction of traction. The tendon was mounted vertically via the metal clamp in the materials testing machine (100R, DDL Inc., Eden Praire, USA) and pulled at constant speed (0.1 mm/s) until failure. Force at failure (i.e. peak force) and stiffness were calculated by the software of the testing machine. The investigator marked a linear portion of the elastic phase of the curve for stiffness calculation. Peak stress and an estimate for elastic modulus were calculated afterwards. The estimate for elastic modulus was based on assumptions of tissue homogeneity and that the entire specimen was shaped as an elliptic cylinder. It is likely to differ considerably from the modulus of the callus tissue in the gap, but still allow group comparisons. All measurements and calculations were carried out by an investigator blinded for treatment and group belonging of the specimens.
Histological evaluation:
The rats were euthanized one hour after completing the final exercise on day 5. The animals from the corresponding unloaded control group were 
Statistics:
The mechanical results were analyzed by a two-way Anova with time and loading status as independent variables. Peak force was the primary outcome variable.
According to plan, we first tested the hypothesis that 4 loading episodes had an influence on healing, thereafter that there was an interaction between time and loading status. Having found no such interaction, we formulated the secondary hypothesis that early loading would have an effect on strength, and tested this by Student's t-test, and finally did the same for later loading. The rats were randomized into groups by lottery after surgery and all measurements and calculations were performed by an investigator unaware of previous treatment. 
RESULTS
Mechanical evaluation: A two-way Anova of all groups revealed that the 4 loading episodes improved the mechanical properties of the tendons, with an increased peak force and stiffness (p<0.0001 for both). The peak stress in the healing tendons was also improved (p=0.006) as well as the energy uptake (p=0.002). All these four variables were also increased with time (p≤0.002 for all). Elastic modulus was increased with time (p=0.04), but was not significantly affected by loading.
After 8 days of healing, the peak force was 60% higher in the exercise group compared to the corresponding controls (p=0.01, figure 2A , table 1). In order to confirm the statistical robustness of this finding, we also made a Mann-Whitney test (p = 0.007).
The stiffness was 30% higher in the exercise group (p=0.05, table 1). Peak stress, a material property, was 40% higher in the early exercise group compared to the controls (p=0.03, figure 2b ). Elastic modulus was not significantly affected.
After 14 days of healing, the pattern of the results was similar to the early time point but with higher absolute values. The peak force was improved by 50% after late exercise compared to the corresponding controls (p=0.006, figure 2, table 1) and the stiffness was 30%
higher (p=0.01, table 1). Peak stress increased by 40% (p=0.051) compared to the control group.
The cross-sectional area did not differ between the unloaded controls and exercise groups at any time point (table 1) . There was also no difference in cross-sectional area between 8 and 14 days. The gap distance was also unaffected by loading at both time-points.
One rat in the early control group, one rat in the late exercise group, and two rats in the early exercise group were excluded from the experiment because the suspension device on one occasion loosened from the tail, resulting in unwanted loading (table 1) . fig. 3a, b) . However, the regions with bleeding were more extensive in the exercise group compared to the completely unloaded group (table 2) .
The specimens were also divided into two groups (suspected exercise or suspected control)
based on the amount of bleeding. The two investigators, blinded for treatment, separately came to the same results, which agreed completely with actual treatment. Larger amounts of erythrocytes in the tissue were characteristic for the exercise group, whereas less bleeding was rare but never absent in the unloaded control samples.
DISCUSSION
A few, short episodes of loading could improve the strength of the tendon callus, both when applied during the early inflammatory phase or the later, proliferative phase of healing. A 50-60% increase in peak force was found in both exercise groups compared to their unloaded controls. The exercise applied during the early phase gave the tissue the same strength at 8 days as the unloaded controls at 14 days. This positive effect on early healing was unexpected, considering that the mechanical stimulation was applied during the inflammatory phase. At this time there is only a fragile callus at the healing site, and loading might cause damage. Indeed, the tissue showed histological signs of repeated damage in the form of increased bleeding. The fact that this added damage was not detrimental could be associated with the rest periods between the short loading episodes, allowing trauma-boosted repair mechanisms to work. The results might also be related to our previous finding that the expression of some inflammation-related genes, for example IL-1 and TNF-α, are reduced by mechanical loading in the early phase of healing (21) . There are, however, a number of differences between these two studies. The animals in the previous study were either unloaded or loaded the whole time, whereas in the present study loading was only applied for 30 minutes per day. Although it might be unclear if reduction of inflammatory mediators should be expected to be good or bad for healing, it has been shown that inhibition of IL-1 receptor signalling reduces the deterioration caused by stress-shielding in intact patellar tendons (23) . These results and our previous gene expression data (21) together suggest that IL-1 might play an important role for the detrimental effect of unloading in tendons.
In clinical practice, loading during the inflammatory phase is considered to be detrimental.
It has also previously been shown that tenotomized and sutured Achilles tendons in rats become stronger at day 8 if immobilized during days 1-5, compared to tendons immobilized days 1-2 and 5-8, suggesting that loading is detrimental specifically during days 1-5 in this model (16) . However, the main difference between that study and ours is that we allowed loading only for short periods of time each day. The positive effect of short isolated loading episodes might depend on sufficient time for the tissue to recover and respond before an additional episode is applied. Also, despite loading, there was no elongation of the callus in our experiment. In previous experiments with this model (17), we have even seen a significant shortening of the tendon gap after daily 30 minutes loading episodes for 11 days.
This suggests that early loading might be more beneficial than previously thought, if only sufficient periods for unloaded recovery are allowed.
The positive effect of loading on mechanical properties during the later phase of healing was more expected. These findings agree with the generally accepted positive effects of mobilization and weight bearing during the later phase of healing. Proliferating and remodeling tissue is thought to contain a larger proportion of cells able to respond to mechanical stimuli, compared to the granulation tissue of early healing. Still, it is interesting that as little as 4 short episodes of exercise were enough to improve strength.
In this study, tissue quality (i. e. peak stress) was improved by mechanical stimulation. We have not seen this before; previous experiments using this model have mainly shown an increased cross-sectional area, leading to increased force at failure and stiffness (17) . We have generally noted, also in other rat models (21) , that loading increased the amount of tissue and thereby the ultimate strength, but not the tissue quality. The explanation for the discrepancy with previous findings might be that we now, contrary to previous studies, included a 3 days recovery period before evaluation. Thus, the healing tissue seems to respond to loading first by proliferating and producing more extra cellular matrix of the same kind, whereas improvement of tissue quality comes as a later response, which perhaps requires that loading is discontinued. This interpretation is built only on biomechanical results. A gene expression analysis might show a switch from a proliferative to a remodeling response after a certain time.
The results indicate that short episodes of loading have a positive effect on tendon healing, suggesting that patients may be allowed short loading episodes following e.g. an Achilles tendon rupture at an early stage. However, this study has several limitations. Animal models are different from the clinical situation. Rats are quadrupeds and can better choose how much loading they put on an injured leg. The rats also had healthy tendons cut transversely, whereas in humans the ruptured tendons often have frayed ends and a history of degeneration. The distance between the tendon stumps in this model is a few millimeters, which probably corresponds to the situation in a human Achilles tendon, at least with nonoperative treatment. Our model could perhaps be seen as a model of one of many fringes in a ruptured human Achilles tendon. Another weakness is that we used only female rats. Tendon response to mechanical loading in humans has recently been shown to depend on sex (24).
Unfortunately, the tail suspension model is not suitable for male rats because of their rapid continuous growth. A final weakness of our study is that the positive effect on early healing
was not specifically hypothesized in advance. Still, we find it a notable observation.
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